Chloride balances were determined in 40 patients suffering from congestive circulatory failure and 6 with normal cardiac function, while diuretics were administered. The effect of digitalis was to increase the renal excretion of chlorides and water about equally; this action was significant in only one-third of the cases. Mercurial diuretics primarily increased the urinary concentration of chlorides in every case except when plasma chlorides were low. A xanthine (theobromine) appeared to exert a greater action on the excretion of water than on chlorides.
P REVIOUS communications have indi-
cated the relations in congestive circulatory failure between dietary intake of sodium chloride and the formation of edema,l and between the excretion of urinary chlorides and changes in the amount of fluids retained in the body.2 That the kidneys of cardiac patients cannot excrete sodium chloride efficiently was also shown.3 It is believed that the disturbances leading to the retention of salt and water, while primarily of cardiac origin, involve some other mechanism, set in motion by a damaged heart and mediated through the kidneys. The derangement ofthat mechanism causes most of the distressing symptoms associated with congestive failure. When that mechanism can be influenced properly, chronic cardiac patients can be made relatively comfortable for long periods, as long, probably, as the primary cardiac disturbance does not progress too rapidly, or accidents do not occur.
During the course of these experiments, it became necessary to study the effects on fluid balance of various common diuretic drugs. Certain of these observations are worth recording, in that they are suggestive of modes by which these diuretic agents act. Data will be presented to show that mercurial diuretics act principally upon chloride excretion, a xanthine appears to act upon water, while digitalis promotes the excretion of both.
From the Hospital of the Rockefeller Institute, New York, New York, and the Department of Internal Medicine, Washington University School of Medicine and Barnes Hospital, Saint Louis, Missouri.
METHODS
The drugs used were mercurial diuretics (Mercupurin, Salyrgan and Salyrgan-theophylline), a xanthine diuretic (Theocalcin or calcium theobromine and calcium salicylate), and digitalis (whole powdered leaf, New York Heart Association); other measures were employed in several experiments. Forty patients suffering from congestive circulatory failure were studied, most of them exhibiting severe "right sided" heart failure. The methods of study were described in a previous report." 2 In addition, 5 patients suffering from arterial hypertension with normal renal and cardiac function, and one from bronchial asthma were observed. Daily measurements were made of chlorides in the urine, the urinary volume and the body weight, while the intake of calories, salt, and fluids was controlled.
RESULTS
I. The Effect of Digitalis on the Urinary Excretion of Chlorides and Water, and on Body Weight After control periods of several days to several weeks, digitalis was given by mouth to 15 patients in doses calculated to be sufficient to improve the circulation. Six exhibited auricular fibrillation, but in only 2 were there large pulse deficits with rapid ventricular rates. Four were extremely ill, and little effect upon the urinary excretion of chlorides or of water was noticed. Six others were in less severe stages of their disease, but the effects were slight or absent. In the remainder, improvement occurred, which was sometimes accompanied by changes in the urinary output of chlorides (table 1) . The concentration of chlorides, however, did not usually increase in proportion to Circulation, Volume IV, July, 1951 the total output, suggesting that the primary effect of digitalis, when it acted at all, was to increase the excretion of water and salt together. Improvement in the ability of the kidneys to form glomerular filtrate would account for the results.
Analysis of the data indicated that the effect upon salt and water excretion was variable. The average excretion of water was actually diminished (100 cc. or more per day) during administration of digitalis in 4 cases, was relatively unchanged in 6, and increased in 6. The average excretion of chlorides was diminished in 4, relatively unchanged in 6, and increased significantly in 6. Curves of body weight were altered in a favorable direction in 13, but weight (1 Kg. or more) was lost in only 5 cases; 3 of these exhibited auricular fibrillation. In only 3 was an excellent water diuresis established, with the average output increasing by more than 400 cc. per day. The average urinary concentration of chlorides increased considerably in 6, slightly in 2, remained unchanged in 5, decreased slightly in one and markedly in 2.
The average pulse rate was decreased more than 10 beats per minute in 5 subjects with normal sinus rhythm and was unchanged in 4. When auricular fibrillation with a slow ventricular rate was present, it was decreased in one of 4 patients.
II. The Pffect of Theocalcin on Urinary Chlorides and Water, and on Body Weight Thirteen patients were studied in 17 experiments. The use of Theocalcin in doses of 3.0 to 4.5 Gm. per day by mouth occasioned usually a marked or moderate increase in the renal excretion of water, often accompanied by chlorides. The concentration of chlorides in the urine was increased proportionately less than was the amount of water, although the total quantity often rose. Sometimes diuresis following the administration of Theocalcin exceeded considerably that caused by other diuretic agents. Occasionally no effect whatsoever was noticed, and in 6, a water diuresis was initiated which was accompanied by little change in a previously low chloride output. In general, the use of this agent appeared to be more effective in controlling edema than was digitalis, especially when normal cardiac rhythm was present (table 2) .
The average urinary excretion of chlorides was increased in 12 instances, relatively unchanged in 4, and depressed in one. Average volume of urine was increased more than 100 cc. per day in 14, more than 400 in 10, and more than 700 in 2. It was relatively unchanged in 3. Weight of 1 Kg. or more was lost in 10. The average urinary concentration of chlorides increased considerably in 4, slightly in 4, remained unchanged in 5, fell slightly in 3, and considerably in one. In 7 water diuresis was not accompanied by an increase in chloride concentration.
In 5 patients the effectiveness of digitalis and Theocalein in causing diuresis was compared. In 4 of these patients Theocalcin produced greater changes in the output of chlorides and water, resulting in greater loss of weight. In the other digitalis was somewhat more effective. There did not appear to be much difference between the effect of the two agents upon chloridel excretion, when the largest volumes of urine in any one day were compared ( fig. 1 ), although Theocalcin may have exerted less action upon concentration of (hlorides. The pulse rate increased 10 heats per minute or more in 1 1 of the 13 patients when Theocalcin was administered. Sometimes it increased markedly. This was also true in 2 patients suffering from complete heart block, whose symptoms of syncope were relieved. The pulse rate increased to the same extent both when rhythm was normal or auricular fibrillation had been controlled by digitalis.
III. The Action of Mercurial Diuretics
It is now becoming understood that the principal effect of mercurial diuretics is to inhibit the reabsorption of salt by the renal tubules, thereby causing diuresis of water and salts.3 It is not generally appreciated, however, how much salt the urine may contain. Thirty-eight injections of Salyrgan, six of Salyrgran-theophylline, and sixty-three of Mercupurin were given intravenously to 30 patients with congestive failure and to 6 normal or hypertensive subjects with normal (arcdiac function. Re- 
Calc. from Cl from output Water* Kg. Notations same as in table 1. *-This figure was calculated from the weight of the total increase of urinary volume as compared to the control period. The relation between the concentration of urinary chlorides and the total amount excreted during the 24 hours following injection of a mercurial diuretic. Note the large amounts of chlorides (as NaCI) which are sometimes excreted. As the amount excreted increases, there appears a tendency for the concentration to become limited; as it falls, the concentration becomes relatively greater. At 5.85 Gm. on the ordinate is the normal value (100 mEq. per L.) of plasma or edema fluids points above this level indicate occasions when actual depletion of body chlorides occurred., ..
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x . peated doses were given in 22 cases, and a number of observations made under different circumstances.
(a) Principal Effects. The usual finding was a marked increase in the concentration of chloride in the urine, indicating that the main action was to cause diuresis of salt, with which some water was removed ( fig. 2 ). When large doses were given (4 to 6 cc.), a maximum and the size of a dose varying from 2.0 to 6.0 cc., although there was a slight tendency for larger doses to be more effective. In 20 instances concentrations in the urine were more than 100 mEq. per liter, thereby producing the conditions for actual bodily depletion of chloride. ectopic ventricular foci. It is believed that these reactions were caused by the immediate circulatory and cardiac effects of theophylline, liberated rapidly from Salyrgan-theophylline and more slowly from Mercupurin. The amount of theophylline contained in the dose used (3.0 to 6.0 cc.) was sufficient to act upon the circulation (106 to 212 mg. for Mercupurin and 150 to 300 for Salyrgan-theophylline).
(e) Augmentation of the Action of Mercurial Diuretics by Ammonium Nitrate. In 5 subjects The injection was made at the arrow and the dose was the same in all 3 instances (4 cc.). All injections were made in the same patient, B. H. Dyspnea, palpitation and tachycardia occurred after the injection of the compounds containing theophylline. ent. Reactions were observed when compounds containing theophylline were used intravenously. Patients complained of dyspnea, orthopnea, and palpitation; tachycardia was sometimes observed. When venous pressure was measured, a decided fall occurred, immediately after Salyrgan-theophylline and later after Mercupurin, a change not seen with Salyrgan ( fig. 5 ). Two patients died suddenly during this period. Both suffered from severe congestive failure, with ascites, hepatic insufficiency and many irregular cardiac beats from the actions of mercurial diuretics on chloride excretion was compared before and during the administration of ammonium nitrate (table 4) . Although difficult to evaluate, as the state of circulatory failure varied from time to time, a marked increase in urinary chlorides was noted in 3 of the patients, a slight increase in one, and a slight depression in one when ammonium nitrate was given. Urine volume changed proportionately to the change in chlorides. Ammonium nitrate alone acted as a mild chloride diuretic in 2 of the 5 cases.
. 1 .
(f) Effect of Mercurial Diuretics on Pulse Rate. Control of edema by injections of Salyrgan did not decrease the pulse deficit in one patient exhibiting rapid auricular fibrillation, but did was no demonstrable change. Of eighteen unequivocal experiments in patients with normal rhythm, the rate was lowered to a similar degree in 8. Note that there is an increase in both the amount and concentration in all cases. lower the rate. Digitalis later controlled the pulse deficit without affecting edema. In 5 others with this arrhythmia, the average ventricular rate was below 100 beats per minute, and was decreased 10 or more beats per minute after mercurial diuretics were given; in 10 there (g) Location of Mercury in Various Organs. Tissues were analyzed for mercury in the 2 patients who died shortly after an injection of Mercupurin containing a total of 156 mg. of the metal. In one, mercury was found distributed principally in the liver (2.0 mg. per 100 Gm.), heart muscle (1.0 mg. per 100 Gm.), and lungs (0.8 mg. per 100 Gm.). The kidneys contained only a trace (0.05 mg. per 100 Gm.), and none was found in fat. A similar distribution measured qualitatively was found in the other case. Two patients received many injections of various mercurial diuretics in large doses (4 to 6 cc.), usually at weekly intervals over many years. No mercury was found in their kidneys at postmortem examination, nor were there pathologic lesions suggestive of mercury poisoning.
(h) Effect on Normal Subjects. Mercurial diuretics were given to 6 normal or hypertensive subjects with normal cardiac and renal function. When the dietary intake of salt was high, little significant effect could be observed on the daily variations of chloride excretion, although the amount always rose slightly on the day the drug was given. When salt was restricted, however, these agents produced an effect identical to that seen in cardiac patients, i.e., an increase in the urinary concentration and excretion of chlorides ( fig. 6 ). Water, however, was much less affected. The masking of the action of these drugs in subjects taking 3 to 8 Gm. of salt per day is probably due to the inability of their kidneys to increase the concentration of urinary chlorides to a level much above that already present.
Disc ussioN
An examination of the action on urinary chlorides and water of the three diuretic agents employed in this study revealed variations requiring explanation.* Since the patients studied had retained water and salt (edema fluid) in their bodies, the effectiveness of therapy could * It is not within the province of this report to discuss the voluminous literature concerning the mechanism of action of these three diuretic agents. The reader is referred to Pitts and Sartorius4 for a concise summary of the evidence, which is, in some cases, far from clear. The results of these experiments would agree, in the main, with the known facts concerning the action of digitalis and mercurial drugs, but disagree in part with the explanation offered as to the action of xanthines. It is possible that the action of diuretic agents on normal kidneys of animals may be somewhat different from that on the kidneys of patients suffering from congestive failure. be estimated both by measurements of tle volume of water and salt excreted by the kidneys and by alterations in body weight ( fig. 7 ). It has not yet been established whether retention of sodium, of chloride, or of both is primarily involved in the causation of increased extracellular fluid, although sodium (balanced by chloride) is believed to be the principal ion. Studies of chloride balances, however, probably reflect fairly adequately alterations in the amount of extracellular fluid in the absence of alkalosis or acidosis, especially when edema is present and diuresis occurs. The assumption is made that the method of evaluation of diuretic agents used in this study has enough validity for conclusions to be drawn, in spite of disregard of chloride losses by other (feces, sweat) than urinary routes. Urinary volume alone has been found to be an unreliable index of changes in extracellular fluids.2
In the light of these experiments and of existing knowledge concerning the action of diuretic agents, it becomes necessary to examine the possible effects of these drugs upon the several organs of the body whose derangement may lead to the formation of edema, that is, the heart, kidneys,6 adrenal glands, and organs leading to the release of antidiuretic substances. Each drug must therefore be scrutinized from the viewpoint of its primary action. Newer knowledge may bring to light effects upon other systems more remotely concerned.
1. Digitalis. The primary action of digitalis is upon cardiac muscle, lengthened fibers being made shorter and the force of their contractions probably being increased. Direct action on the kidneys has not been conclusively demonstrated. The glycosides of digitalis, however, resemble chemically the steroid hormones and may be involved in certain enzymatic processes. Effects of digitalis upon electrolyte disturbances can probably be ascribed to the general improvement in the circulation which follows their use. In the present controlled experiments, the results were disappointing. A therapeutic response, however, may be accompanied by an increase in urinary volume (2 cases), an increase in the output of chlorides (2 cases), or both (4 cases). No specific function of the kidneys therefore was affected; presumably the function of the myocardium improved and thereby provided a more adequate renal cireulation.
The relative ineffectiveness of digitalis can be explained in part by the type of patient studied. "Right sided" failure was present in all cases, and was predominant in that pulmonary congestion or edema was not an important symp-ficiency predominantly in the output of the right ventricle. Digitalis in such circumstances might be expected to be relatively ineffective. These studies suggest that its value in severe chronic congestive circulatory failure with normal rhythm may be more apparent than real; the usual practice of combining this drug with measures such as low salt diets and bed rest, Although these cases represented congestive circulatory failure of cardiac origin, their signs and symptoms pointed to a permanent de-may mask a lack of response which would only appear in controlled studies such as these. 2. Theocalcin. The action of xanthine diuretics in human beings suffering from congestive circulatory failure has not been satisfactorily explained. In animals7 and man8 they appear to inhibit the reabsorption of salt by the renal tubules, although their renal circulatory effects (vasodilatation) may be important ll, 11 ', UM--HHHH Some of the experiments reported here are suggestive of a different action. The most noticeable effect of Theocalcin was on the urinary volume, which increased in every case, to a significant degree in fourteen of seventeen experiments. Urinary chlorides paralleled the increase in water excretion in eleven experiments, but their concentrations became more than 1.0 Gm. per liter in only two and more than 2.0 Gm. in only one. The diui'esis of water caused by Theocalcin, however, was not accompanied by chloruresis in six experiments, the concentration not increasing significantly. Whatever the intrarenal mechanism affected, this drug appeared to cause a consistent effect upon the renal excretion of water which sometimes, but not always, was associated with changes in the renal excretion of chlorides. Possible mechanisms involved include (a) an increase in glomerular filtrate without an effect upon tubular reabsorption of salt, (b) inhibition of the action of antidiuretic hormones, (c) improvement in the output of the heart affecting renal blood flow, and (d) intrarenal vasodilatation especially of afferent arterioles. This agent has been shown by the present experience to be one of the better diuretic drugs for the removal of edema, having an action which may be especially valuable in a certain set of circumstances, that is, when removal of excess water is more desirable than removal of excess salt.
3. Mercurial Diuretics. In so far as is known, mercurial diuretics act by inhibiting renal tubular reabsorption of salt, probably interfering with some enzyme system concerned with cellular transport from tubular lumen to capillary blood. It has not yet been established whether sodium or chloride ions are principally affected, although there is a little evidence in favor of the latter.9 Conclusive experiments showing other than renal actions of these drugs have not been made. Their specific effect upon chloride excretion, reported previously,3 is established by the. present observations, which further show that they may cause concentrations in the urine greater than that in edema fluid, and therefore induce relative chloride depletion. This fact becomes important when they are employed in conjunction with low dietary in-takes of salt, for the "low salt syndrome" may develop. 5 The action of mercurial diuretics therefore differs from that of the other two drugs discussed. Although water was usually carried with salt, by grading doses it was possible to cause increased excretion of chlorides without alteration of the volume of urine; the net effect was to increase the concentration of urinary chlorides.* Even when these agents were relatively ineffective on the output of water (cf. cases C. M., M. J., and F. I., table 4 ) the concentration in the urine increased manyfold. Weight, was always lost following their use except in terminal states exhibiting low electrolytes in plasma and when depletion of body salt was severe5; under these c(ircumstances urinary volume and chlorides were unaffected by mercurial diuretics.
4. Changes in Cardiac Rate. The response of the average cardiac rate to both digitalis and the mercurial diuretics was similar. The rate in 6 of 11 patients with normal sinus rhythm was slowed by digitalis. Mercurial (Iituretics lowered the rate to a similar extent in 8 of 18 subjects. In patients with auricular fibrillation and a slow ventricular rate, digitalis caused further slowing one of four times; mercurial diuretics likewise caused slowing six of sixteen times. Digitalis was more effective when the rate was rapid. Theocalcin, however, caused tachycardia. If the cardiac rate is a function of the degree of congestive failure and the amount of pressure in the right auricle, it may * The maximal concentrating ability of normal kidneys for sodium chloride is about 1.8 Gim. per 100 cc. (307.8 mEq. per liter). The highest coicentritionl of chloride measured after mercurial diuretics were given (135.4 mEq. per liter) approached iiormal levels of plasma sodium, and exceeded considerably levels of plasma chloride (100 mEq. per liter). Uinder no experimental conditions were the kidneys of patients suffering from congestive failure able to concentrate chlorides to degrees approaching those of normal kidneys. When digitalis and xanthine diuretics were used the extremely low concentrations rose only slightly or moderately. In other words, coniceniti.rtions of salt in the urine excreted following mercurial diuretics approached or exceeded the levels inl edema fluid (or glomerular filtrate), while those during xanthine or digitalis diuresis were always relatively low. be affected by the volume of circulating blood andl become slower when venous return to the heart is lessened. A rapid ventricular rate with a large pulse deficit was little affected, however, by mercurial diuresis, suggesting that the intrinsic cardiac disturbance causing fibrillation was not entirely dependent upon the presence of failure.
The therapeutic implications of this study deserve comment. If the purpose of therapy is to remove excess salt, the mercurial diuretics are the drugs of choice. If excess water is to be removed, the xanthine diuretics appear to fulfill that function. If the primary cause of the failure is strictly "cardiac" and involves myocardial dilatation, digitalis may be of value. Obviously these drugs should be employed to exploit their primary actions, and not used indiscriminately to control a state of edema resulting from one or several causes. SUMMARY AND CONCLUSIONS 1. Diuretic agents-digitalis, a xanthine (Theocalcin), and mercurials-were given to 46 patients, 40 of whom suffered from congestive circulatory failure of cardiac origin. The renal excretion of water and chlorides was measured daily, and dietary intakes of salt, water and food controlled at constant levels.
2. In 5 of 15 subjects, digitalis appeared to be effective in controlling congestive failure.
In 10 of 13, Theocalcin was effective. The mercurial diuretics almost always caused an increased renal excretion of chlorides, often in large amounts, while Theocalcin appeared to act primarily upon the excretion of water.
3. Various aspects of the action of diuretic agents were discussed in the light of the prob-able pathogenesis of congestive (irculatory failure.
